Abstract Emergence of weed seedlings depends on soil environmental conditions; mainly temperature and moisture, with the latter being fundamental and particularly important in environments which are characterised by irregular amounts and distribution of rainfall throughout the year. Thus, this study looks at the inXuence of soil moisture and air temperature on the emergence of weed seedlings. The experiment was carried out under controlled environmental conditions, using rings Wlled with samples of undisturbed topsoil (0-2.5 cm and 0-5 cm deep) of a Luvisol. There were four moisture levels that were maintained constant, with several repetitions (16)(17)(18)(19)(20). The results indicate that the maximum population density of weed plants was obtained with soil moisture near Weld capacity. With regard to the depth of the soil containing the seeds which contributed towards optimising population density, it was noted that the Wrst 2-3 cm of undisturbed soil were critical for maximising the population. The emergence of seedlings was modelled using data from the 5 cm topsoil with soil moisture close to Weld capacity. This model indicates that a mean daily temperature sum of 446°C, which under Mediterranean autumn conditions represent a period of approximately one month, is needed, in order to obtain 80% of potential autumn-winter plant density, relative to the observed potential.
Introduction
Emergence can be deWned as the observable appearance of the seedling above the soil surface . For weed species, it is diYcult to determine this stage, because for some populations as much as 50% of the seedlings appear over an extended period of time. However, it is one of the most important phenological stages for the success of annual plants, as the timing of emergence often conditions the capacity to compete with neighbouring plants, probability of infections caused by pathogenic agents, and reproductive output through timing of Xowering and maturation of seeds .
Essentially, potential emergence is an indicator of the non-dormant seed bank. According to some authors (Grundy et al. 1996; Hilhorst 1998) , only the seeds that are in the top layer of the soil, approximately within the top 5 cm contribute signiWcantly to the emerging population.
Thus, emergence of weed seedlings is subject to soil environmental conditions, namely temperature (Caixinhas 1988; Forcella et al. 2000; Froud-Williams 2001) , water (Caixinhas 1984 (Caixinhas , 1988 Roberts 1984; Spitters 1989; Grundy and Mead 2000; Marginet et al. 2000; Froud-Williams 2001) , composition of air (oxygen, carbon dioxide, water vapour and ethylene) and the quality of the light. According to Roberts (1984) and Spitters (1989) , the distribution pattern of precipitation aVects the emergence of the seedlings and can be prejudicial when the top layer of the soil dries quickly.
Available water and temperature have an important eVect on the growth and development of the vegetal species, including the Wrst stages of their life cycle; it is important to look at both, in studies regarding emergence of plants (Caixinhas 1984; Forcella 1998 ). This additional information will contribute towards better management of weeds, helping to provide the opportunity for a better and more economic management (physical and/or chemical) of the Xora infesting the agricultural crops .
In order to examine the inXuence of temperature and soil moisture on the emergence of weed seedlings, and because in Mediterranean environments soil moisture seems to be the more important factor inXuencing emergence of annual species, this study was carried out under controlled environmental conditions, where moisture levels were held constant.
Thus, the objective of this study was to observe the inXuence of diVerent humidity levels on the emergence of several weed species seedlings. In addition, the time period necessary for maximising population density relative to the veriWed potential was examined and quantiWed through average air temperature and the respective number of days.
Materials and methods
The experiment was carried out in a greenhouse at the Mitra Experimental Station, at the University of Évora, using rings (20 cm diameter) Wlled with undisturbed topsoil samples. The samples were taken near the end of summer from a Luvisol located at the "Alamos de Cima" farm, council of Évora, district of Évora, located at latitude 38°30Ј26ЉN and longitude 7°46Ј40ЉW of the Greenwich meridian. The experimental work was repeated four times, between 1996/1997 and 1999/2000 growing seasons.
Soil and climate conditions
The physical and chemical characteristics of the Luvisol were obtained through laboratory analysis of various samples of the top layer collected during Weld work. Accordingly, the top layer is a sandy loam (78.4% sand, 8.5% silt and 13.2% clay), with a bulk density of 1.65 and water retention characteristics which are presented in Fig. 1 . Relative to some chemical characteristics, the following parameters had been veriWed: available P and K of 48 ppm P 2 O 5 and 91 ppm K 2 O; pH (H 2 O) 5.5 and 0.85% of organic matter.
Daily air temperatures and water evaporation from a free water surface were monitored in the greenhouse. Temperatures were recorded using a maximum and minimum thermometer, and evaporation was measured with an evaporation pan.
Daily mean temperatures were calculated based on the daily minimum and maximum temperatures as follows:
(daily minimum temperature + daily maximum temperature)/2. The daily mean temperatures were used in the data analysis, because according to Sattin et al. (1997) , it is recommended to use the sum of their values (independent variable) as the time scale, instead of using the number of days, in order to make it possible to compare results obtained from diVerent Welds.
Treatments and experimental design
The experimental model was two factors randomised complete block design combined over years. The factors in this study were soil depth and soil moisture with a total of eight treatments: two depths and four moisture levels (2 £ 4 = 8).
The two depths used were 0-2.5 and 0-5 cm, which correspond to the height of the rings that were used for collection of the undisturbed soil samples. These rings were made from a PVC tube with a 20 cm diameter. Soil depth was limited to a maximum of 5 cm, because emergence of seedlings from depths greater than 5 cm is uncommon (Grundy et al. 1996) . Most small seeded species typically germinate within the top 2 cm of soil (Melander 1994) .
The moisture levels were calculated from the weight of air dried soil and the weight of the soil at Weld capacity. The four soil moisture levels which were maintained constant with slight daily oscillations were the following: -soil at Weld capacity; -soil at 2/3 (66.6%) of Weld capacity; -soil at 1/3 (33.3%) of Weld capacity; -initially saturated soil left to dry naturally at air temperature.
The rings for the Wrst three moisture levels were covered individually with transparent Wlm, which was used to avoid water loss through evaporation; and thus, ensure very small moisture diVerence between consecutive readings. However, care was taken to allow enough space for emergence and growth of the seedlings. The emergence of seedlings depend strongly on the seed bank, which in undisturbed soils is characterised by the existence of a large proportion of seeds in the superWcial layer (Dias 1999) .
At the end of summer, before the Wrst persistent autumn rains, the soil was collected by pushing the rings vertically into the topsoil, in a way to cause the least possible disturbance and without inverting the soil layers. A net of tight mesh (1 mm) was placed at the base of the rings in order to allow for water to drain and avoid soil loss. In order to make handling easier, the rings were placed over pressed wooden plates (Fig. 2) .
The number of rings used in each treatment, corresponding to the number of replications, varied over the 4 years of the study from 16 to 20 (18 rings £ 8 treatments = 144 in 1996/1997; 20 rings £ 8 treatments = 160 in 1997/1998 and 1998/1999; 16 rings £ 8 treatments = 128 in 1999/ 2000) . A relatively large number of samples was used to reduce error, because as indicated by Reynolds et al. (2001) , multiple samples reduce both human and equipment induced measurement errors, and also because of the great variability in the spatial distribution of weeds.
Observations and Wndings
The total number of emerged weeds was recorded and categorised (monocotyledons and dicotyledons) for each ring. Additionally, seedlings were separated by species when identiWcation was possible. The number of emerged plants was recorded between Wve and seven times without removing the plants from the rings. The time interval from the start of the experiment to the Wrst reading of the number of weed plants and between the Wrst reading and the second one was about 7 days. This time interval was increased for the subsequent (three to Wve) readings. This was because the population density tends to stabilise over time, due to a decrease in rate of emergence. In the observations some help was obtained from studies about weeds, mainly those which include the key elements for identiWcation (morphological description and photos) of young plants (Vasconcellos 1971; HäXiger et al. 1975; Vasconcelos et al. 2000; Caixinhas 2001) .
Daily readings of the maximum and minimum temperatures, and evaporation were done. In addition, the rings were weighed every 2-3 days in order to restore the moisture level of each treatment, due to oscillations that might have been caused by slight losses, even though they were covered with transparent Wlm.
From the Wve to seven readings that were carried out, four were considered for the analysis of variance. For all 4 years (1996/1997-1999/2000) , these were the readings that were carried out at the end of the 7th, 14th, 25th, 45th day after the start of the experiment and are presented in the results as the Wrst reading (1st r), the second reading (2nd r), the third reading (3rd r) and the fourth reading (4th r).
The diVerences in treatments were studied using the Duncan multiple range tests for a probability level of 5% (a 95% conWdence level) with version 1.42 of the MSTAT-C programme (Michigan State University). In the tables presented in the following section, the diVerent letters indicate the diVerent average values that were observed in an area of 314 cm 2 (area of each ring). Regression equations were used in order to relate the daily mean temperature [(daily minimum temperature + daily maximum temperature)/2] and the respective number of days with the number of weed plants (total, monocotyledons and dicotyledons) compared to the observed potential. These equations were calculated using Statistical Package for Social Sciences (SPSS) 11.0 program and Excel, version 2000.
Results
The dominant weed species that occur in the region where the study was carried out are, Lolium rigidum Gaud. within the class of monocotyledons and Echium plantagineum L., Raphanus raphanistrum L., Calendula arvensis L., Polygonum aviculare L., Chrysanthemum segetum L., Chamaemelum spp. and Sonchus spp. amongst the class of dicotyledons.
The means obtained from the four readings of population density, whether with regard to the total number of plants or with regard to the number of plants by class (monocotyledons and dicotyledons), are signiWcantly higher in the Wnal 1999/2000) . On the other hand, low average values were obtained in 1998/1999 (Table 1) , due to the weed suppressing eVect of the preceding crop (forage oats), which was harvested before the seed setting of weeds. Thus, there was a reduction in the potential number of seeds within the soil and consequently the future plant population.
InXuence of depth and soil moisture
With regard to the soil layer considered (height of the ring), there seems to be an increase in the number of plants in some of the population density parameters, when the layer is increased from 2.5 to 5 cm. However, the increase in the average number of plants in treatments with the greater soil layer is more notorious in the Wrst readings, and mainly in dicotyledons (Table 2 ). In the fourth reading, there was no signiWcant diVerence between the two soil layers, with regard to the number of total plants, monocotyledons and dicotyledons.
With regard to moisture, a signiWcant eVect was observed in the number of weed plants. When soil moisture of the topsoil is maintained close to Weld capacity, the population density is signiWcantly higher (Table 3) .
The average number of plants with the soil at Weld capacity is signiWcantly greater in all readings. However, in the fourth reading, there was no signiWcant diVerence between the average number of dicotyledons observed with the soil at Weld capacity and with the soil at two-thirds of Weld capacity (Table 3) .
According to the values presented in Table 3 , it can be noted that in the treatment with initial saturation of the soil followed by open air drying (dry soil), already in the second reading two of the population density parameters (the total number of plants and dicotyledons) start to present signiWcantly lower average values than those of the adjacent moisture level (one-third of Weld capacity). In the third reading, there were practically no plants, and it seems that this period of approximately 20-25 days, without addition of water, is the time limit after which irreversible desiccation of plants occurs spontaneously.
Time necessary for maximising population density
Figures 3, 4 and 5 present the relationship between the sum of daily mean temperature and the percentage of total plants, monocotyledons and dicotyledons, relative to the maximum number observed for the treatment with 5 cm topsoil at Weld capacity. As a result, the number of weed plants (total and per class) compared to the observed potentials, depends on the number of days that contributed to the temperature sum. Through the equation used for calculating the ratio of total plants as a function of sum of daily mean temperature (Fig. 3  a) , it can be observed that percentages greater or equal to 80% are obtained reading a temperature sum of 446°C, and that a sum of 768°C is necessary to reach 90%. Under the conditions of this experiment, these temperature sums correspond to 29.1 and 54 days, respectively (Fig. 3 b) .
However, a diVerent behaviour was observed comparing monocotyledons and dicotyledons, which can be noted by analysing Figs. 4 and 5. As shown, with a sum of 450°C, only 73% of monocotyledons had emerged (Fig. 4 a) , while 88% of dicotyledons had emerged at the same mean daily temperature sum (Fig. 5 a) . The same tendency is observed for the number of days, that is, after 30 days the ratio of monocotyledons relative to this maximum was 72.5% (Fig. 4 b) , while that of dicotyledons had reached 89.1% (Fig. 5b) . Simulation of the population density peak after a rainfall event When the soil was saturated and left to air dry, simulating rainfall and the consecutive desiccation, there was an initial emergence of spontaneous seedlings similar to the treatment with the soil kept at Weld capacity. In this situation, it can be noted that the peak of the percentage of total plants from the 5 cm topsoil was obtained between a temperature sum of 75 and 150°C (Fig. 6a) , which corresponds to an interval of 5-10 days after wetting the soil (Fig. 6b) . On the other hand, some of these plants were able to survive with the drying soil up to an accumulated temperature sum of about 300°C (Fig. 6a) , which corresponds to approximately 20 days (Fig. 6b) .
Discussion
These trials conWrm a great heterogeneity and annual variability in weed plants establishment. Thus, the number of weed plants in a cultivated Weld varies from year to year and depends on the history of the Weld, mainly the preceding crop, as mentioned by Locke et al. (2002) and Shrestha et al. (2002) and the weed infestation in the previous years. As mentioned by Cardina et al. (1991 ), Yenish et al. (1992 , Forcella (1997) , Grundy et al. (1999) and Grundy and Mead (2000) , the main source of weed Xora in crops is the seed bank, mainly that located within the topsoil layer, with the Wrst 2-3 cm being decisive (Melander 1994) for the potential plant density. Nevertheless, it may be necessary to consider deeper soil layer in order to achieve the potential population density, particularly for dicotyledons.
The potential population of the weed Xora depends strongly on water, because, as mentioned by Hadas (1982) and Ego et al. (2000) , water is the catalyst for seed germination and the consequent emergence of the young plants.
Therefore, increasing soil moisture to levels similar to those of Weld capacity is very important for the emergence especially of monocotyledons, namely Lolium spp.. L. rigidum Gaud. is one of the dominant weeds in Luvisols under Mediterranean conditions. However, some dicotyledons, such as Chamaemelum spp., also require high soil moisture levels to achieve high emergence rates.
Given the inXuence of soil moisture on maximising emergence of weed plants, which is presented in several studies (Roberts 1984; Caixinhas 1988; Spitters 1989; Grundy and Mead 2000; Marginet et al. 2000; Froud-Williams 2001) , it is possible to establish the period during which the soil should be kept at Weld capacity, in order to obtain the potential population. In order to compare these results for diVerent places and periods, it is necessary to use a scale based on temperature (Sattin et al. 1997) . For a moisture level close to Weld capacity in the Wrst 5 cm of the soil, the model established, indicates that a temperature sum of 446°C is necessary to get 80% of the potential autumn-winter plants emerged. This is a period of approximately 1 month in autumn under Mediterranean conditions, in which the mean daily temperature is around 15°C. However, to achieve 80% of potential plants, dicotyledons need a lower and monocotyledons, a higher temperature sum. This means that even under favourable moisture conditions, monocotyledons need more than 1 month to achieve 80% of the potential plant density.
This fact allows to conclude that the speed of emergence, which is deWned by Santana and Ranal (2000) , as the number of seedlings that emerge per unit of time (day), is greater for the dicotyledons class, considering similar conditions in terms of temperature regime and seed potential in the soil.
Due to dormancy (Hilhorst 1998; Benech-Arnold et al. 2000; Forcella et al. 2000) , discontinuous germination of seeds (Bridges 1995) , can contribute towards this diVerence in the appearance of the seedlings. The emergence of L. rigidum Gaud., which was one of the main species in this experiment (Table 3) , was slow, a behaviour also mentioned by Cousens (1996) . In addition, there are other monocotyledons, such as Avena sterilis L., whose seedlings take an equally long period to emerge.
In simulating rainfall followed by a dry period, it was noted that some weed seedlings had the capacity to survive for more than 20 days.
In summary, the maximum population of weed plants was obtained, for most of the years, from the Wrst 2-3 cm of undisturbed soil, but a soil moisture near Weld capacity is necessary to get a maximum population density. The soil moisture level close to Weld capacity seems to be especially important for the emergence of monocotyledons, namely Lolium spp. (for example L. rigidum Gaud.).
